A region near the 5' end of Moloney murine leukemia virus (MoMLV) is required for packaging of viral RNA into virions. Retroviral vectors based on MoMLV have been constructed that are also efficiently packaged into virions despite removal of most of the interior region of the parental virus. To further localize sequences which are sufficient for packaging, we inserted various fragments from an MoMLV-based retroviral vector into a nonretroviral transcription unit, transfected these constructs into retrovirus-packaging cells, and measured packaging of RNA transcribed from these constructs into virions. Transcripts from some of these constructs were packaged at least as well as those from the parental vector or MoMLV itself. Sequences extending into the gag region, but not the long terminal repeat or tRNA-binding sequences, were required for efficient RNA packaging. RNAs transcribed from constructs which did not contain an insert, or in which the orientation of the insert was reversed, were not packaged at detectable levels. These studies define sequences which are necessary and sufficient for encapsidation of murine leukemia virus RNA into virions.
Production of replication-competent retrovirus is completed after the selective packaging of two identical genomic viral RNAs into virions (19) . Sequences that are required in cis for packaging of viral RNA have been localized to short (150-to 350-base-pair) regions near the 5' end of the viral RNA by analysis of deletion mutants of both avian (8, 15, 16) and murine (11, 17) retroviruses. Alternatively, sequences that are sufficient for packaging of viral RNA have been localized by analysis of retroviral vectors containing limited amounts of retroviral sequences (1, 2, 6, 10, 20) , and these sequences correspond to those found by deletion analysis. However, since all sequences required in cis for replication must be included in these vectors, including the viral long terminal repeats (LTRs), tRNA-binding site, and polypurine tract, localization of the minimal sequences that are sufficient for packaging is not possible by this approach.
In the case of Moloney murine leukemia virus (MoMLV), deletion analysis shows that a 350-nucleotide sequence, called 4 ,, is required for packaging of viral RNA (11) . Deletion of the signal from MoMLV followed by introduction of the deleted genome into cells results in packaging of genomic RNA at less than 1% of the wild-type level (11) . In contrast, introduction of a replication-defective retroviral vector carrying the signal into cells carrying the mutant virus results in efficient packaging of vector RNA into infectious virions. Since the vector does not encode viral proteins, the MoMLV deletion mutant encodes all of the proteins required in trans for production of infectious virus. Cell lines containing such mutant helper viruses have been called packaging cells in reference to their ability to package replication-defective vectors into infectious virions.
The titer of a retroviral vector produced by using packaging cells is dependent on the inclusion of a packaging signal in the vector. Deleting or reversing the orientation of the signal present in a retroviral vector results in a 3,000-fold decrease in viral titer (10) . Moving from its native position at the 5' end to the 3' end of the genome results in only a fivefold reduction in viral titer, showing that this signal is relatively position independent (10). However, the signal * Corresponding author.
itself apparently does not contain all of the elements required for efficient packaging of viral RNA, because vectors which contain and a portion of gag region sequences from MoMLV have significantly higher titers than those containing alone (1, 2) . The increase in titer is due to more efficient packaging of viral RNA (2) , and the extended packaging signal is termed *+ to indicate its improved packaging function in contrast to 4,. To better define sequences of the MoMLV genome which are sufficient for packaging of viral RNA, we inserted fragments of MoMLV into a nonretroviral transcription unit and measured the ability of packaging cells to package these transcripts into virions. These experiments have allowed the definition of sequences that are necessary and sufficient for RNA packaging into virions.
MATERIALS AND METHODS
Cell culture. PA317 retrovirus-packaging cells (13) were grown in Dulbecco modified Eagle medium with high glucose (4.5 g/liter) supplemented with 10% fetal bovine serum at 37°C in an atmosphere of 10% Co2.
Plasmid constructions. Plasmid constructions were made by using standard techniques. Moloney murine sarcoma virus (MoMSV) and MoMLV sequence numbers are as previously described (18) . Sequence numbering begins at the first base (cap site) of the viral RNA genome. The retrovirus vector pLNL6 (Fig. 1) consists of a 5' LTR through base 541 from MoMSV, bases 566 to 1038 from MoMLV, the neomycin phosphotransferase (neo) coding region from transposon TnS (4), and base 7674 through the 3' LTR from MoMLV. In addition, the gag start codon of MoMLV bases 621 to 623 has been altered to TAG to prevent translation of the gag protein (2) . For insertion of retroviral fragments into the unique NruI (blunt end) site of pCMVneo (9) , the fragments were first made blunt ended. Protruding 5' ends were filled in by using the Klenow fragment of DNA polymerase with all four deoxynucleoside triphosphates, while protruding 3' ends were removed by using T4 DNA polymerase with all four deoxynucleoside triphosphates. The following plasmids ( Fig. 1) pLTRneo was constructed by removing the cytomegalovirus (CMV) promoter-enhancer region and the neo gene (SpeI to NruI fragment) from pCMVneo and inserting in its place sequences from pLNL6 which included the 5' LTR, the 5' untranslated region, and the neo gene (NheI to NruI fragment of pLNL6).
Transfections. PA317 cells were seeded at 105 cells per 6-cm diameter dish 24 h prior to transfection. Cells were transfected with 10 ,ug of plasmid DNA as a CaPO4 precipitate (5, 7) . After 18 h, the transfected cells were split 1:10 to 10-cm dishes with growth medium containing 2 mg of G418 powder (about 50% active; GIBCO Laboratories) per ml. All plasmids used here produced similar numbers of G418-resistant colonies, and populations of G418-resistant cells (100 to 150 pooled colonies) were used in all experiments.
Preparation of RNA. Virus-producing cells were seeded at 5 x 106 per 10-cm-diameter dish on day 1. The cells were fed on day 2 with 10 ml of medium per 10-cm dish, and virus-containing medium was harvested 12 h later. The cells were refed, and virus was harvested again 12 h later. Virus-containing medium was centrifuged at 3,000 x g for 5 min to remove cell debris, pooled, and then 30 ml was carefully overlayed onto 4 ml of 20% sucrose in phosphatebuffered saline in a centrifuge tube. The samples were centrifuged at 26,000 rpm for 2.5 h in an SW28 rotor (Beckman Instruments, Inc.). The culture medium and sucrose were then carefully aspirated to avoid contamination of the viral pellet with culture medium. The Bound probe was localized by autoradiography and quantitated by excision of radioactive bands from the filter followed by scintillation counting. The packaging rate for a given RNA species was calculated as the ratio of neo probe bound to that species in RNA from virions purified from 10 ml of virus-containing medium divided by neo probe bound to the same species in 10 ,ug of RNA from cells. To determine which retrovirus sequences are sufficient for packaging of genomic RNA into virus particles, we introduced different regions from LNL6 into the nonretroviral expression vector pCMVneo (Fig. 1) . The fragments were inserted downstream of the neo gene so as not to interfere with translation of neo. To assay for packaging of RNA transcribed from these constructs, the plasmids were transfected into PA317 retrovirus-packaging cells (13) , which provide viral proteins required in trans for packaging of viral RNA. For each transfected plasmid, between 100 to 150 G418-resistant colonies were pooled, and viral RNA in the cells and in virions produced by the cells was analyzed by Northern analysis with a neo probe (Fig. 2) . PA317 cells were also transfected with pLNL6 in each experiment to serve as a control for normal RNA packaging.
RESULTS
Northern analysis of RNA from the transfected PA317 cells revealed transcripts of the expected sizes (Fig. 2) . Constructs with inserts of the same size but in opposite orientations produced RNAs of the same size, and constructs with inserts of different sizes produced proportional alterations in RNA size. In some lanes two closely spaced bands were observed, and we presume that incomplete splicing of the simian virus 40 (SV40) small t intron at the 3' end of the constructs is responsible. Alternative splicing of small t and large T introns occurs in SV40 to produce the early region proteins; thus, it is not surprising that splicing at the small t intron would be incomplete. The bands are farther apart in analyses of the smaller RNA species, as would be expected since the percentage difference between spliced and unspliced mRNAs would increase as the overall mRNA size decreases. Occasional unexpected transcripts were observed (e.g., Fig. 2A , far left lane) but were not detected in other transfections of the same plasmid.
We found that RNAs from all constructs containing inserts in their normal orientations, except that containing the 132-base-pair insert which we call A+, were packaged into virions ( Fig. 2; Table 1 ). RNA transcribed from pCMVneo, or from pCMVneo containing reverse-orientation inserts, was not packaged at detectable levels, even though cellular RNA levels were similar to those found with constructs containing normal-orientation inserts (Fig. 2) . These results show that various retroviral fragments can direct packaging of RNA into virions and that the packaging signal is orientation dependent.
To quantitate the relative packaging efficiency of the different constructs, we calculated the packaging rate as the amount (in counts per minute) of probe bound to RNA from virions purified from 10 ml of medium divided by the amount of probe bound to 10 ,ug of RNA from cells (Table 1 ). Viral and cellular RNAs were analyzed in parallel for each experiment so that the packaging rate was independent of the specific activity of the probe. a Results from a representative experiment are indicated and were quantitated from the Northern blots shown in Fig. 2 (except pLTRneo, which is not shown).
b (-) at the end of the plasmid name indicates a reverse-orientation insert. C Value not quantitated by scintillation counting. <1 indicates that no hybridizable RNA was detected after a 10-day exposure of the radioactive membrane to X-ray film at -70°C. Under these conditions, we could see a signal on a film corresponding to a band containing 1 cpm of radioactivity. PA317 cells was saturated in the case of LNL6 and that the packaging rate measured for LNL6 was an underestimate of the true rate. However, assays of additional constructs made with the LTR promoter found even more RNA in virions and higher packaging rates than did assays of pLNL6. One of these, pLTRneo, contains the 5' LTR and the 4+ region from pLNL6 inserted into pCMVneo in place of the CMV promoter-enhancer region (Fig. 3) . Similar amounts of RNA were found in PA317 cells transfected with pLTRneo and pLNL6 (Table 1) , as was expected since RNA from both plasmids is transcribed by using the same promoter. However, virions from PA317 cells containing pLTRneo had threefold higher levels of RNA than did those containing pLNL6 (Table 1) , and the packaging rate averaged from five experiments was correspondingly higher (Fig. 3) . This result suggests that the packaging machinery is not saturated in pLNL6-transfected PA317 cells and that the packaging rates of pCMVneo constructs containing packaging sequences can be compared directly with those of the retroviral vector LNL6.
To directly compare the packaging rate of the nonretroviral construct containing the 1++ signal with that of MoMLV, we infected PA317 cells containing p*+ or p*+(-) with wild-type MoMLV, passaged the cells for 2 weeks to allow spread of MoMLV to all cells in the culture, and then measured the packaging rates of the specific RNAs. The packaging rate of the nonretroviral constructs was measured by using a neo probe, and that of MoMLV was measured by using a probe consisting of the MoMLV *1 sequences. RNA of a size expected for full-length transcripts of MoMLV was detected in MoMLV-infected cells and in virions harvested from the cells (not shown). This RNA was much more prevalent than RNA transcribed from p*+ or pi+(-) (not shown), consistent with earlier results indicating lower activity of the CMV promoter in contrast to the retroviral LTR (Table 1 ). The data ( 
